The burrowing and feeding activities of earthworms may have a strong effect on the flux of N 2 O from agricultural soils. As such, shifts to agricultural management practices that increase the number of earthworms require an understanding of the role of earthworms in N 2 O dynamics. We conducted a field experiment to examine the effects of addition of anecic earthworms (Lumbricus 
Introduction
Upland agricultural soils account for ~28% of the global N 2 O budget [1] . Anecic earthworms play a key role in upland agroecosystems [2] , where they translocate crop residues, accelerate decomposition and nutrient mineralization, increase inorganic N, change the physical properties of soil (e.g. pore size distribution, water retention, gas diffusion), and alter the size, composition and activities of microbial and faunal communities. These effects overlap with known controls on N 2 O flux in soil [3] , including availability of precursors, inhibitors, electron donors and acceptors, the size and spatial distribution of relevant microbial populations, and the establishment of conditions necessary for their activities.
Increasing the number of earthworms in agricultural soils is a key component of programs that promote soil quality and sustainability [4, 5] , such as reduced and conservation tillage. Conservation tillage practices were used on more than 109 million acres of farmland in the US in 2000, with a three-fold increase in no-till acreage between 1990 and 2000 [6] . These practices are also increasingly being adopted in Europe [7] and Africa [8] .
Adoption of farming practices that retain plant residues, minimize soil disturbance and rely more extensively on foodweb interactions for plant nutrition is expected to ameliorate the impact of agriculture on greenhouse gases [9, 10] . However, the positive impact of these practices may be negated by unintended effects on N 2 O flux [9] , some of which may be associated with larger earthworm population densities. The number of earthworms can increase 5 -10 fold in no-till relative to plowed fields [11, 12] , and no-till practices preferentially benefit anecic, deep-burrowing species like Lumbricus terrestris [12] [13] [14] .
Recent reviews suggest that earthworms have varying effects on N 2 O flux in soil [15, 16] . For example, Rizhiya et al. [17] reported that inoculation of soil mesocosms containing crop residues with Aporrectodea longa, an anecic earthworm, increased emissions of N 2 O nearly four-fold relative to uninoculated soil over the course of 90 days. In another soil mesocosm experiment, Bertora et al. [18] observed only an initial, transient increase in N 2 O flux for treatments inoculated with A. longa relative to an uninoculated control. More recently Evers et al. [19] reported that soil mesocosms with a high moisture content inoculated with L. terrestris at high population den-sities had significantly higher N 2 O emissions than uninoculated controls. Epigeic and endogeic earthworms have also been shown to increase N 2 O emissions in soil mesocosms [20] . The results of these studies point to the need for field-scale evaluation of the effects of earthworms on the flux of N 2 O from agricultural soils.
In a previous study we reported that inoculation of mesocosms with L. terrestris appeared to increase nitrogenous gas losses from 15 N-labeled corn litter [21] . In the present study we determined the effects of inoculation with L. terrestris on the flux of N 2 O in corn field plots amended with ( 15 NH 4 ) 2 SO 4 . The use of 15 N-labeled ammonium allowed us to examine the extent to which anecic earthworms affect production of nitrogenous gas emissions from a common inorganic fertilizer.
Materials and Methods

Site Description
Our experiment was conducted at a University of Rhode Island research farm in Kingston, Rhode Island, USA. The soil at the site is an Enfield silt loam (Coarse-silty over sandy or sandy-skeletal, mixed, active, mesic Typic Dystrudepts) [22] . The soil (top 10 cm; n = 6) had a pH of 5.9 and an organic matter content of 18.1 g·kg −1 . Levels of extractable ammonium and nitrate were 9.9 and 4.2 mg N·kg −1 soil, respectively. The field was used to grow corn using conventional management practices and the corn had been harvested prior to our experiment. The field had a mean (n = 6) earthworm population density of 44 individuals m −2 , and an earthworm biomass of 26.8 g fresh weight m −2 . No anecic earthworms were found in the area.
Experimental Design
Six square plots (0.25 m 2 ) were established in a straight line, 1.0 m apart on-edge, parallel to a row. One of two earthworm addition rates was assigned randomly to each plot: 0 (CTL) or 48 earthworms m −2 (EW), with each rate replicated three times. An additional plot was used to record soil temperature. Every plot was surrounded by a fiberglass screen (20 cm buried below the surface, 26 cm above) to prevent loss of corn litter, limit earthworm migration, and allow for unaltered hydrologic connections. After the screens were installed, 150 g (600 g·m (as ( 15 NH 4 ) 2 SO 4 ; 60 At.%) was applied to each plot in 100 mL (~0.04 cm) of water using a pressurized dispersion apparatus that delivered the solution at a rate of 20 mL·s −1 . This amount of water and application rate resulted in quick infiltration into the soil, preventing pooling and runoff. The corn litter was placed back on the plots after application of ( 15 NH 4 ) 2 SO 4 .
Gas Sampling and Analysis
A cylindrical plastic chamber (20-cm dia., 16-cm high) fitted with a rubber septum on the top was used to measure the flux of N 2 O. At the time of sampling the chamber was placed randomly within the plot and pushed ~2.5 cm into the soil. A sample of the gases within the chamber was obtained initially and within 30 -45 min after chamber placement with a 20-mL gas-tight syringe. The syringe was pumped three times to mix the gases in the headspace prior to sample collection, and the sample transferred immediately to a 15-mL evacuated tube (Vacutainer 
Additional Measurements
Soil temperature was measured with a digital thermometer at a depth of 10 cm in a separate uninoculated plot treated in an identical manner as the other experimental plots. Soil pH, OM and extractable N content, and the C/N ratio of corn litter were determined as described in Savin et al. [24] . At the end of the experiment (28 days after addition of ( 15 NH 4 ) 2 SO 4 , the leaf litter was removed quantitatively from each plot and dried to a constant weight at 60˚C. The dried leaf litter was separated from soil using tweezers and the dry mass of litter recorded for each plot. Soil samples (top 10 cm, one per plot) were obtained after litter removal.
Statistical Analysis
Student's t-test was used to examine treatment differences for gas and isotope data (P < 0.05). A one-way analysis of variance was used to examine differences in mass of litter and soil properties.
Results
At the end of the experiment the amount of litter (g dry weight m −2 ) remaining in both treatments was significantly lower relative to the initial amount, and was significantly lower in the EW than the CTL treatment, with mean (s.d.) values of 232 ± 26 and 395 ± 19 for the EW and CTL treatments, respectively. No significant differences were observed between initial and final levels of soil NH 4 and NO 3 for either treatment (data not shown).
Addition of earthworms significantly increased the flux of N 2 O relative to the CTL treatment 1 day after addition of ( a total of ~3.5 cm of rain during the last 13 days of the experiment (Figure 2) . No significant differences were observed in total mass of N 2 O-N emitted over 28 days ( Table 1) .
The flux of 15 N 2 O was significantly higher for the EW treatment on Day 1 and Day 3 (Figure 1) Table 1) .
There were no significant differences in 15 N 2 flux between treatments on any sampling day (Figure 2) . The flux was highest on Day 3, lowest on Day 15, and increased subsequently until the end of the experiment. There were no significant differences in the total amount of 15 (Figure 3) . On Day 1, the mole fraction in the EW treatment was 0.87, with a value of 0.16 observed for the CTL treatment (0.16). On Day 12 the highest mole fraction (0.56) was observed for the CTL treatment, whereas the EW treatment had a value of 0.18.
Discussion
The dynamics of driven by external factors common to all plots, such as soil moisture and temperature (Figure 2) . In particular, the timing of precipitation events appeared to exert an important control on N 2 O flux. This is consistent with previous reports that N 2 O flux responds positively to increases in soil moisture [25] .
The N 2 O flux values in the present study ranged from 0.23 to 5.7μg N 2 O-N m −2 ·s −1 , higher than those reported by Molodovskaya et al. [26] , who found average flux values in a corn field of 0.059 μg N 2 O-N m −2 ·s −1 , with a maximum flux of 0.76 μg N 2 O-N m −2 ·s −1 observed during a spring thaw event. The fraction of available N converted to N 2 O for soils planted to grain crops has been reported by Tonitto et al. [27] to vary from less than 1 to about 4% on a seasonal scale, whereas our values ranged from 5.8% to 11.6%. The high values for flux and greater fraction of added N converted to N 2 O in our study may be due to the high soil moisture content and presence of high amounts of plant litter, both of which promote N 2 O production in agricultural soils [3] . The absence of a plant sink for NO 3 may also have contributed to higher than expected flux values. Relative losses of 15 N in gaseous forms in the present study for the EW treatment ( Table 1) were comparable to those estimated by Amador and Görres [21] for mesocosms inoculated with earthworms at a rate of 127 m −2 (16.8% to 39.8%), but losses in the CTL treatment were higher than for mesocosms without earthworms in that study (1.9% to 7.4%). The differences are likely due to differences in soil moisture and temperature that favored denitrification under field conditions.
The effects of earthworm additions on N 2 O flux under field conditions in the present study are in general agreement with those observed by others. For example, Borken et al. [28] reported a 57% increase in N 2 O emissions from field mesocosms containing forest soil and inoculated with L. terrestris at a population density of 113 individuals m −2 . Evers et al. [19] observed that inoculation of mesocosms containing a sandy loam from a forested area with L. terrestris at population densities greater than 300 m −2 had N 2 O emission rates that were significantly higher than uninoculated mesocosms. Furthermore, the effects of L. terrestris depended on soil moisture, with maximum values at 35%. However, the effects of L. terrestris were not observed when inoculated at densities representative of field values (90 -270 m −2 ). The addition of an anecic earthworm (Aporrectodea longa) in soil mesocosms with a high moisture content at a population density of 100 m −2 significantly increased the flux of N 2 O relative to soil without earthworms over the first 12 days of incubation, but the flux was significantly lower between days 44 and 62 in the earthworm treatment [18] . Rizhiya et al. [17] observed that additions of A. longa (~100 m −2 ) to soil mesocosms containing grass residues significantly increased N 2 O flux relative to a control without earthworms. They suggested that the role of earthworms consisted of mixing residues into the soil, switching residue decomposition from aerobic to anaerobic, and from low denitrification to high denitrification and N 2 O production. By contrast, in a field study of the effects of anecic earthworm additions (L. terrestris and A. longa) on N 2 O flux during the growing season in an unfertilized cornfield, Speratti and Whalen [29] were unable to conclude that earthworms affected N 2 O flux. Although they observed generally higher N 2 O fluxes in enclosures amended with earthworms, poor survival of introduced earthworms and seasonal variability yielded flux values that were not significantly different [29] .
Direct production of N 2 O by earthworms has been re-ported [30, 31] , but the flux is generally very low compared to total flux [18] . The positive effects of earthworms on denitrification are generally attributed to indirect mechanisms [26, 27] , including increased soil moisture in burrow soil and increased availability of organic carbon through translocation and greater physical contact of plant detritus with soil. Earthworms have also been shown to increase rates of nitrification in soil [26] . The effects of earthworm amendment were most apparent at the outset of the experiment, with significant differences disappearing after 5 days. The short time frame and dynamics of the effects suggest that these may be associated with activities such as burrowing, which took place within a day after inoculation. Van den Heuvel et al. [32] observed that soil disturbance resulted in considerably higher N 2 O emissions from soils in a riparian area, an effect they attributed to increased diffusion of O 2 . Denitrifiers decrease reduction of N 2 O to N 2 as O 2 levels increase [33] . This may explain the initial increase in N 2 O flux and higher N 2 O mole fraction in the EW treatment.
The presence of earthworms resulted in a significant increase (Day 1) and decrease (Day 12) in the mole fraction of 15 N 2 O relative to the CTL (Figure 3) . Firestone et al. [3] have shown that the mole fraction of N 2 O is a function of a number of variables, including soil pH, concentration of NO 3 and O 2 , and time under anaerobiosis. Positive effects of earthworm additions on mole fraction of 15 N 2 O may be due to higher concentrations of NO 3 in earthworm burrows and casts [27, 34] , possibly as a result of increased O 2 diffusion into soil [35] . By contrast, greater retention of moisture (and consequently lower O 2 concentration) in casts and burrow soil due to shifts in pore size distribution [36] relative to bulk soil may have resulted in significantly lower mole fraction of 15 N 2 O on Day 12.
Conclusion
We have shown that addition of L. terrestris to an agricultural soil at a rate of 48 earthworms m Our results need to be interpreted with caution, given the short duration of the experiment and the fact that it was conducted at the end of the growing seasonwhen temperature, moisture and plant detritus were likely optimal for earthworm activity and N 2 O emissions. As such, our data may represent an upper limit for effects of L. terrestris on 15 N 2 O flux. Nevertheless, our results suggest that L. terrestris can enhance N 2 O emissions from a corn field temporarily. These results point to a need for better understanding of the mechanisms by which anecic earthworms affect trace gas fluxes as we move towards more sustainable, foodweb-based management of nutrients in agroecosystems.
